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Abstract
Lepton flavour asymmetries generated at the onset of the oscillations of sterile
neutrinos with masses above the electroweak scale can be large enough to partly
survive washout and to explain the baryon asymmetry of the Universe. This opens
up new regions of parameter space, where Leptogenesis is viable within the type-
I seesaw framework. In particular, we find it possible that the sterile neutrino
masses are substantially below 109GeV, while not being degenerate. However, the
required reheat temperature that is determined by the begin of the oscillations lies
some orders of magnitude above the sterile neutrino mass-scale.
1 Introduction
While the type-I seesaw mechanism is a very plausible way of generating neutrino
masses [1], it may turn out to evade experimental test. Augmenting the Standard Model
(SM) by Majorana masses for the active neutrinos introduces nine new parameters (three
masses, and in the PMNS matrix, three mixing angles, one Dirac and two Majorana
phases), but there are nine extra numbers describing the masses and the couplings of the
sterile neutrinos. Quite generically, the sterile neutrinos decouple from the SM either
due to their high masses or their tiny couplings, such that these extra parameters remain
practically unobservable.
Therefore, Leptogenesis [2] models based on the seesaw mechanism may likewise
escape from direct tests. Nonetheless, the requirement of successful Leptogenesis is very
useful in order to gain more constraints on the parameter space of the seesaw model,
in particular when embedded in more general beyond the SM (BSM) frameworks. A
very well known example is the lower bound on the masses of the sterile neutrinos,
2 × 109GeV [4, 3], which consequently implies a lower bound of 3 × 109GeV on the
reheat temperature of the Universe (assuming a vanishing initial abundance of the sterile
neutrinos).
Numerous loopholes to this bound arise when considering extensions of the SM be-
yond the seesaw scenario (we refer here always to the type-I variant), see e.g. Ref. [5].
Notable are therefore the few possibilities that allow for smaller sterile neutrino masses
and lower reheat temperatures, but that yet rely on the minimal seesaw mechanism,
thus avoiding a further proliferation of free parameters. The most well-known of these
is resonant Leptogenesis, relying on the enhancement of the lepton-number violating
charge-parity (CP ) asymmetry due to the mixing of nearly mass-degenerate sterile neu-
trinos [6, 7, 8, 9, 10, 11, 12]. Besides aiming for small sterile neutrino masses, it should
also be of general interest to fully chart the viable parameter space for Leptogenesis
based on the minimal seesaw mechanism.
Here, we consider Leptogenesis from a source term that conserves lepton number but
violates the individual flavours. Its presence was first pointed out in Ref. [13], and it
was subsequently studied in a more accurate manner in Refs. [14, 15, 16]. We refer to it
as the ARS scenario after the names of the authors of Ref. [13]. It is based on the usual
seesaw model given by the Lagrangian
L =
1
2
N¯(i∂/−M)N + ℓ¯i∂/ℓ+ R¯i∂/R+ ∂µφ†∂µφ (1)
−ℓ¯Y †Nφ˜ − N¯Y ℓφ˜† − φ†R¯hℓ− φℓ¯h†R ,
where φ is the Higgs doublet, φ˜ = (ǫφ)† and ǫ is the SU(2)L-invariant antisymmetric
tensor. The sterile neutrinos are given by the Majorana spinors Ni, for which we assume
three flavours, i = 1, 2, 3, and the left- and right-handed leptons of the SM by ℓa and Ra,
where a = e, µ, τ ≡ 1, 2, 3. We choose the usual flavour bases for the sterile neutrinos
where their mass matrix is M = diag(M1,M2,M3) and for the SM leptons such that
h = diag(he, hµ, hτ ). For definiteness, we take M1 < M2 < M3.
In the ARS scenario, oscillations of the sterile neutrinos are the dominant source of
flavour asymmetries (that conserve total lepton number) in the SM leptons ℓ at tem-
peratures T ≫ Mi. The sterile neutrino masses are typically taken to be at the GeV
scale or below [13, 14, 15], such that the couplings Y are suppressed enough (note the
seesaw relation mν = Y
tM−1Y v2/2, with mν the mass matrix of the SM neutrinos
and v = 246GeV) that the flavoured asymmetries are only weakly washed out prior to
the electroweak phase transition (EWPT) at the temperature TEW ≈ 140GeV, where
baryon-number (B) violating sphaleron processes freeze out. In Ref. [15], it is demon-
strated that in spite of the low mass scale of the sterile neutrinos, no degeneracy is
necessary in order to account for the observed baryon asymmetry of the Universe (BAU).
We add here for clarity that in the present paper, we use the term washout in both
situations, when lepton-number violation (LNV) can be neglected for Mi ≪ T and when
helicity flips through the Majorana masses effectively violate lepton number once the
temperature is of order Mi. We refer to the former case, that yet affects the flavoured
asymmetries as flavoured washout and the latter case as LNV washout. The caseMi ≪ T
is relevant for the original ARS scenario, where lepton number remains effectively con-
served at times before sphalerons freeze out. Indeed, since the sterile neutrinos are
approximately chiral, one may attribute in that situation lepton number to these parti-
cles. Transitions through the sterile neutrinos can however lead toward chemical equilib-
rium between the different flavours ℓa. If chemical equilibrium is fully established, there
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remain no individual asymmetries, due to complete flavoured washout. It is essential
though, that the transitions to sterile neutrinos partly take place and affect the individ-
ual flavours in a quantitatively different manner. The individual flavoured asymmetries
are then partly hidden from weak sphaleron transitions within the sterile neutrinos, what
can result in a net baryon asymmetry.
Here, we propose that ARS-type Leptogenesis is also viable with sterile neutrinos
above the electroweak scale, more precisely in the mass range from 103GeV–1011GeV
and mass ratios of order one. For the subsequent considerations, it is useful to recall the
equilibrium neutrino mass [3] m⋆ = Y
2
⋆ v
2/(2Mi), where Γ⋆ = Y
2
⋆ Mi/(8π) and H|T=Mi =
Γ⋆ (H being the Hubble rate), such that m⋆ ≈ 1.1× 10
−12GeV. In the present scenario,
the flavour asymmetries are produced at temperatures above the masses Mi for all three
Ni. Given that the observed neutrino mass-differences are larger than m⋆ and the large
mixing angles, the asymmetries within each of the ℓe,µ,τ experience prior to the EWPT
strong LNV washout, defined through the condition
∑
i Y
†
aiYiaMi/(8π) ≥ H (i.e. the
washout rate for ℓa exceeds the Hubble rate) at some instance during the expansion of the
Universe. Therefore, the conversion of the flavour asymmetries into a baryon asymmetry
is less efficient than in the usual ARS scenario. However, the mass differences of the
SM neutrinos are not too far above m⋆, such that there should be parametric regions
where the washout of the asymmetries is not prohibitively strong. To demonstrate
quantitatively that this is indeed a viable option, we properly include in this work both
the effects from flavoured washout and LNV washout, that take place after the creation
of the flavoured asymmetries from oscillations but before the sphaleron freeze-out around
the EWPT. It turns out that the stronger washout compared to the usual ARS scenario
can be made up for by larger initial asymmetries.
We mention now some similarities and differences with related papers. In Ref. [17],
the see-saw model is constrained by certain flavour symmetries. As a result, N1 couples
to the SM particles in a way that leads to moderately strong washout, whereas N2,3
couple much more strongly compared to typical realisations of the see-saw mechanism,
such that large, purely flavoured asymmetries can be generated. Moreover, the imposed
flavour symmetry implies thatM2 ≃M3, but it should be noted that as it is assumed that
M1 ≪ M2,3, only asymmetries from the decays of M1 are considered and the scenario
does not rely on a resonance effect. Since Leptogenesis takes place there during the decay
of M1 rather than during the oscillations of sterile neutrinos, it should be clear that the
scenario from Ref. [17] is different from what is discussed in the present paper. This is
also reflected by the difference in the viable parameter space in terms of the Mi that is
found for both scenarios. (Here, the Mi may be substantially smaller.) Another variant
of purely flavoured Leptogenesis with sterile neutrino masses above the electroweak scale
is discussed in Ref. [18], where extra particles beyond the see-saw scenario are introduced.
The outline of this paper is as follows: In Section 2, we specify the way we calculate
the BAU in the proposed model and in Section 3, we identify a viable point in parameter
space and discuss some parametric dependencies. We conclude in Section 4.
3
2 Lepton Asymmetry and Washout
In this Section, we derive the equations that can be used to determine the freeze-out
asymmetry in the ARS scenario with sterile neutrinos above the electroweak scale. While
the initial flavoured asymmetries in the ℓa can be computed using the same techniques
irrespective of whether the sterile neutrino masses are above or below the electroweak
scale, the washout calculation must account for the fact that the sterile neutrinos become
non-relativistic before the sphaleron transitions freeze out, in contrast to the original
ARS proposal with sterile neutrinos below the electroweak scale. The most important
consequence of this difference is that while the sterile neutrinos are relativistic, only
flavoured asymmetries are washed out, whereas in the presence of non-relativistic sterile
neutrinos, total lepton number is effectively violated by the Majorana masses as well.
Oscillations of the sterile neutrinos and CP violation.– We first consider the
dynamics of the seesaw model when the sterile neutrinos are relativistic, i.e. T ≫ Mi,
and for a high reheat temperature of the SM particles. In particular, we discuss the
generation of the initial lepton asymmetry that applies both, to the original ARS scenario
and the situation with heavier sterile neutrinos above the electroweak scale, that is
discussed for the first time in the present work.
While the Universe expands, the Higgs particle and leptons are maintained very close
to thermal equilibrium through gauge interactions, while the sterile neutrinos may be
far from equilibrium over a wide temperature range, because they are only interacting
through the Yukawa couplings Y . As a plausible initial condition, we assume that the
abundance of the sterile neutrinos vanishes. The sterile neutrinos are then produced
from interactions with leptons and Higgs bosons. For T ≫ Mi, the fastest processes
involve the radiation of an extra gauge boson (2↔ 2 processes) [19, 20]. In contrast, for
T ≪ MNi, inverse decays (2↔ 1 processes) dominate.
Now, provided the matrix Y Y † is non-diagonal, the sterile neutrinos emerge as su-
perpositions of their mass eigenstates and oscillate. As a result, these coherently su-
perimposed states can decay into leptons ℓ and Higgs-bosons φ in an asymmetric man-
ner [13, 14]. This way of creating an asymmetry is often referred to as CP -violating from
mixing. It is therefore interesting to note the temperature, at which the first oscillation
is completed for a typical sterile neutrino with momentum of order of the temperature T .
In order to quantify this, we define aR = mPl
√
45/(4π3g⋆), where mPl is the Planck mass
and g⋆ the number of relativistic degrees of freedom of the SM at high temperatures. For
the scale factor in the radiation-dominated Universe, we take a(η) = aRη, where η is the
conformal time. By this choice, T = 1/η. Besides, we define z = Tref/T = ηTref . Note
that the choice Tref =M1 leads to the usual definition for the parameter z in Leptogen-
esis calculations [3]. In general, one may find it convenient to choose Tref to be close to
the temperature scale of interest, such that the parameter z is of order one during the
relevant stages of the time-evolution. Within the final result for the freeze-out asymme-
try, the arbitrary parameter Tref drops out, of course. More than one full oscillation is
4
completed, when
η∫
0
|M2i −M
2
j |
2T
a(η)dη =
∆M2aRη
3
6
>
∼ 2π (2)
⇔ z >∼ z
ij
osc =
[
12πT 3ref/(aR|M
2
i −M
2
j |)
] 1
3 ,
what consequently defines T ijosc = Tref/z
ij
osc and Tosc = T
13
osc, as the highest of these oscil-
lation temperatures. Below T ijosc, the oscillations can be averaged, what leads to a result
in agreement with the usual perturbative calculations for the decay asymmetry of the
sterile neutrinos [6, 7, 8, 9, 10, 11]. It can be shown that when averaging the oscillations,
the time-dependence of the source term is ∝ 1/z2 [15]. Since washout becomes important
at much later stages only, most of the asymmetry is produced around the temperature
Tosc. We recall at this point that for the conventional lepton-number violating contribu-
tions, the asymmetry is proportional to MiMj/|Mi −Mj |
2, while the purely flavoured
source in the ARS scenario is enhanced by the factor T 2/|Mi −Mj |
2 [15]. The absence
of the chirality-flipping insertions of Majorana mass thus explains why the ARS-type
source yields much larger asymmetries at temperatures T ≫ Mi than the conventional
source. The charge density qℓa in the lepton flavour a that is dominantly produced at
temperatures around T = Tosc is then given by [14, 15]
qℓa
s
≈−
1
gw
∑
c
j 6=i
i
Y †aiYicY
†
cjYja − Y
t
aiY
∗
icY
t
cjY
∗
ja
sign(M2ii −M
2
jj)
(3)
×
(
m2Pl
|M2ii −M
2
jj|
) 2
3
× 8.4× 10−5γ2av ,
where s is the entropy density. Note that we take here a numerical factor that is slightly
smaller compared to the one of Ref. [15], due to a more conservative estimate of Tosc, see
relations (2).
Note that Eq. (3) corresponds to a conservative estimate that may receive correc-
tions of order one [15]. In particular, calculating the momentum-dependent phase-space
distributions instead of solving for the number densities of the sterile neutrinos should
improve the predictions. A complete leading order accurate calculation appears viable
and will be tackled in the future. One can immediately verify that Eq. (3) implies that∑
a qℓa = 0, because these asymmetries are purely flavoured. As stated in the introduc-
tion, it is important that at a later stage, the individual flavour asymmetries are affected
differently by flavoured or LNV washout, such that eventually a total lepton asymmetry
within the SM leptons arises. Note that differently from Ref. [15], we define qX as the
charge density within one component of the SU(2) multiplet, hence the factor 1/gw with
gw = 2.
An important input parameter to Eq. (3) is γav, the average production rate of sterile
neutrinos. It is derived from the total production rate for Ni per unit volume, [Y Y
†]iiγ
N ,
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by dividing it with the number density of Ni:
γav =
γN
2neqN
, (4)
where neqN =
∫
d3k/(2π)3 f eqF (k) and f
eq
F (k) is the Fermi-Dirac distribution of a massless
fermion. It appears quadratic in Eq. (3), because one factor can be attributed to the
available phase space and the other factor to the CP -violating cut. We take the value
γN = 2.2×10−3T 4, where we have used ht = 0.6, g2 = 0.6 and g1 = 0.4 for the top-quark
Yukawa-coupling and for the SU(2) and U(1) gauge couplings, what should be suitable
for an energy scale of 108GeV. Consequently, γav = 0.012, which is larger than the
value used in Ref. [15]. The estimate there is based on a partial evaluation of the sterile
neutrino production rate in the relativistic regime [19], while the complete leading-order
results can be taken from the more recently published Refs. [20, 21]. Note that γav also
appears in the flavoured washout rate in the relativistic regime, Eq. (8) below. Larger
values for γav therefore enhance both the initial asymmetry and the washout, such that in
view of the freeze-out asymmetry, theoretical uncertainties in this rate should be partly
compensated.
One may take into account a temperature dependence due to the running coupling
constants [19, 21], which we ignore here in view of the accuracy of other approximations
used in the present calculation of the freeze-out asymmetry. In addition, we estimate the
temperature Tres, above which the largest of the widths of the sterile neutrinos exceeds
the mass splitting, such that Eq. (3) should not be applied, as
Tres =
√
(M22 −M
2
1 )/(γavmax
i
[Y Y †]ii) . (5)
To summarise, the asymmetries qℓa given by Eq. (3) are present after the initial oscil-
lations of the sterile neutrinos at temperatures around Tosc, but before sizable flavoured
and LNV washout effects occur. We may therefore use the asymmetries (3) as initial
conditions for Eqs. (14) or (A1) that describe the evolution of the flavoured asymmetries
through washout. The time separation between the production of the initial asymme-
tries and their washout was first noted and made use of in a calculation in Ref. [14]. To
explicitly validate this procedure within the present context, we define the temperature
T = TWa at which the rate for flavoured washout of ℓa equals the Hubble rate, W
rel
a = H
[see Eq. (8) below], such that
TWa = mPlγav
√
45
4π3g⋆
[Y †Y ]aa . (6)
This should be compared with Tosc, and in particular for the relevant flavour e, we must
demand that TWe ≪ Tosc, for the separation of the initial production from washout to
be valid. For our numerical example this comparison is made in Figure 3. We emphasise
that expression (3) applies to both, the original ARS scenario with light sterile neutrinos
as well as the scenario proposed here with sterile neutrinos above the electroweak scale,
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and it can be obtained by integrating over the initial oscillations of the sterile neutrinos.
It was first derived in Ref. [14], based on a density matrix description of the sterile
neutrinos, following the original work [13]. Ref. [15] relies on an alternative method, using
a Green-function description of the sterile neutrinos within a non-equilibrium framework.
The analytic formula (3) does not only correspond to a simpler way of computing the
asymmetry compared to numerically solving for the oscillations of the sterile neutrinos,
it also transparently exhibits the dependence of the initial asymmetry on the model
parameters1.
Washout of left-handed leptons.– Below the temperature Tosc, the asymmetry qℓe/s
given by Eq. (3) is approximately conserved initially until washout processes become
important2. A net lepton asymmetry is then present at the time of sphaleron freeze-out
during the EWPT, provided the individual lepton flavours are affected differently by the
washout. For non-relativistic sterile neutrinos, the LNV washout rate of ℓa is usually
obtained from the thermally averaged inverse decay rate, approximating the quantum
statistical by classical Maxwell distributions [3]. In our parametrisation (in particular,
using the dimensionless variable z as the time parameter), this quantity is given by
WNRa =
∑
i
Y †aiYia
(
Mi
Tref
) 5
2 aR
Tref
3
2
7
2π
5
2
e
−z
Mi
Tref z
5
2 =
∑
i
W¯NRi Y
†
aiYia , (7)
while in the relativistic regime, the rate of equilibration of ℓa with the sterile neutrinos
(i.e. the flavoured washout rate) is
W rela =
∑
i
Y †aiYiaγav = W¯
rel
∑
i
Y †aiYia . (8)
One should note that the latter rate is lepton-number conserving, as it does not rely on
the insertion of Majorana mass terms, which only enter at sub-leading order in the rela-
tivistic regime. Below, we consider a region in parameter space where |Yie| ≪ |Yiµ, Yiτ |,
such that only qℓe is not nullified by washout, and any asymmetry that is transferred
from qℓe into relativistic sterile neutrinos will scatter or decay into ℓµ,τ . We therefore
take for the effective washout rate of ℓe
We =
∑
i
Y †eiYie
[
ϑ(T −Mi)max(W¯
NR
i , W¯
rel) + ϑ(Mi − T )W¯
NR
i
]
. (9)
This accounts for the relativistic 2 ↔ 2 scatterings at high temperatures (flavoured
washout), for the 1 ↔ 2 decays and inverse decays when Mi >∼ T (LNV washout) and
1In particular, we remark that qℓa/s can be of order 10
−10 (i.e. of order of the observed BAU) even
when the Yukawa interactions mediating between ℓa and the Ni are far from equilibrium, i.e. when
[Y †Y ]aaTosc ≪ T
2
osc
/mPl or equivalently [Y
†Y ]aa ≪ (|M
2
ii −M
2
jj |/m
2
Pl
)
1
3 .
2Cf. the evolution of the particular flavours shown in Figure 6 and the comparison between TWe and
Tosc in Figure 3. The temporal separation of the initial production of the asymmetry and the washout
that mostly takes place at later stages is also made use of in Refs. [14, 15, 16].
7
eventually for the freeze-out of these reactions due to Maxwell suppression whenMi ≫ T .
Note that those Figures of Refs. [20, 21] that show the individual relativistic lepton-
number conserving and the non-relativistic LNV contributions to the sterile neutrino
production rate are well suited to illustrate the particular reactions we account for in
the combined washout rate We, that is given by Eq. (9).
Complete and partial chemical equilibrium of right-handed SM leptons.–
The Yukawa couplings ha mediate chemical equilibration between the ℓa and Ra, at
a rate that is given by h2aγ
flT with γfl = 5 × 10−3 [22, 21]. Full equilibration implies
qℓa = qRa +
1
2
qH . (Note again our convention that the charge densities account for one
component of a multiplet only. Hence, this relation follows from the condition for the
chemical potentials µℓa = µRa + µH , where qℓa,Ra = µℓa,RaT
2/6 and qH = µHT
2/3.)
Again, we ignore the temperature dependence of γfl, which is present because of running
coupling strengths. The redistribution of the asymmetries is quantitatively relevant, be-
cause it reduces the washout rates, as only the ℓa couple to the sterile neutrinos. While
chemical equilibrium between ℓµ,τ and Rµ,τ can be assumed for all temperatures below
1.3×109GeV, we account for the possibility of only partial equilibration of ℓe and Re. We
include other spectator effects following Ref. [23]. In particular, we impose the following
conditions:
(i) Chemical equilibrium is maintained by all SM Yukawa couplings but the electron-
Yukawa coupling he. For the latter, we account for partial equilibration within the
Boltzmann equations.
(ii) Strong and weak sphalerons are in chemical equilibrium.
(iii) The reactions mediating the process ℓµ,τ + φ↔ N1,2,3 are in equilibrium. (This of
course must be verified for each particular choice of parameters made.) Note that in
the relativistic regime, where Mi ≪ T , these reactions involve at leading order the
radiation of extra particles for kinematic reasons. We assign no chemical potentials
to the Ni, as it is appropriate for the non-relativistic regime, where the Majorana
masses Mi flip the sterile neutrino helicities. In the relativistic regime, one would
need in principle a more refined description, tracking the number densities of the
individual helicity states. As the washout of the initial asymmetry occurs mostly
during the non-relativistic LNV regime, neglecting the finite rate of helicity flips
should amount to a small correction only.
Regarding condition (i), we note that equilibrium of u- and d-quark Yukawa medi-
ated interactions may not be an appropriate assumption within the higher range, above
2× 106GeV, for the sterile neutrino masses that we consider. Moreover, above 109GeV,
s quarks and µ leptons should equilibrate as well. The low-mass region, that is perhaps
the phenomenologically most interesting, should however not be affected by this simpli-
fication. For higher masses, the error incurred by not accurately treating the chemical
equilibration of these non-leptonic interactions should be at the 10%–20% level [24].
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In combination, above conditions force the relations
qℓe =−
11
26
∆e −
157
390
qRe , (10a)
qH =−
1
13
∆e +
7
195
qRe , (10b)
where ∆a = B/3 − 2qℓa − qRa is the flavoured lepton asymmetry that is conserved by
weak sphaleron processes, with B being the baryon charge density. (The factor 2 is
due to our convention that qℓa counts the charge within one component of the SU(2)
doublet only.) In order to compute the final freeze-out asymmetry, we note that the
total baryon-minus-lepton number density is
B − L = ∆e +
8
15
qRe . (11)
Besides, it may be of interest to consider the effect of the partial chemical equilibration
of the right-handed electron Re by comparing the resulting asymmetry with the outcome
in the two limiting cases of full chemical equilibrium and a vanishing chemical potential
for Re. For a vanishing chemical potential, we can set qRe = 0 in above relations, whereas
in the case of full equilibration, we obtain
qℓe = −
87
277
∆e , qH = −
24
277
∆e (12)
and
B − L =
237
277
∆e . (13)
Final baryon asymmetry.– Putting together above details, equations that can be
used to determine the BAU for the present scenario are simply given by (cf. Ref. [22]):
dq∆e
dz
=2We
(
qℓe +
1
2
qH
)
, (14a)
dqRe
dz
=− 2γfl
aR
Tref
h2e
(
qRe − qℓe +
1
2
qH
)
. (14b)
As initial conditions at z = 0, we take qRe = 0 and qℓe obtained from Eq. (3). The
solution evaluated at z = Tref/TEW yields the e-lepton charge density Le = gwqℓe + qRe
at the EWPT. Due to the strong washout in the µ, τ flavours, there is no asymmetry in
these sectors, and we obtain for the BAU B ≈ −(28/79)Le [25], which is to be compared
with the observed value Bobs/s = 8.6× 10
−11 [26, 27].
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Figure 1: Final BAU normalised to the observed value for the reference parameters.
3 Example Scenario
Freeze-out asymmetry.– On the case of a specific parametric reference point, we
demonstrate now that the proposed scenario can explain the BAU in a phenomenolog-
ically viable way. We use the parametrisation of the neutrino Yukawa couplings from
Ref. [28] and follow the notation of Ref. [15]. For the mixing angles of the PMNS matrix
and the mass differences of the SM neutrinos, we take the best fit values from Ref. [29].
We assume a normal mass hierarchy with the lightest neutrino mass m1 = 2.5meV. As
for the sterile neutrinos, we take 1 : 2 : 3 for the mass ratios M1 : M2 : M3. For the
remaining angles, we choose
δ =0.2 ,
α1 =0 ,
α2 =2.6 ,
ω23 =0.6 + 1.4i ,
ω13 =0.1− 1.5i ,
ω12 =− 1.9− 1.0i .
(15)
We vary M1, keeping the mass ratios of the sterile neutrinos fixed. In Figure 1, we
show the ratio of the final BAU to the observed value as a function of M1. It turns out
that B/Bobs = 1 for M1 ≈ 4.8 × 10
3GeV and Tosc ≈ 2.2 × 10
8GeV. This value for Tosc
can be interpreted as the minimum reheat temperature for the particular parametric sce-
nario (15), and it happens to be somewhat below the corresponding value 2.0× 109GeV
for standard Leptogenesis [3]. The increase of the asymmetry with M1 can be easily
understood in terms of the initial asymmetry (3) and the seesaw relation. The deviation
from a simple power law, visible as a wiggle, is due to the equilibration of the spectator
particles Re, described by Eqs. (14). This feature is highlighted in Figure 2, where we
compare the asymmetries from assuming either full or no chemical equilibration of Re
to the full result, solving for the asymmetry within Re through Eqs. (14). The fact that
the interpolation between the two limiting cases does not proceed monotonously is be-
cause initially larger asymmetries may be effectively hidden in the spectators before they
fully equilibrate. This observation is related to the discussion of washout of primordial
asymmetries of Ref. [22]. In the context of standard Leptogenesis, it is investigated in
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Figure 2: Ratio of the final BAU assuming either full equilibration (solid) or no equi-
libration of Re compared to the result assuming partial equilibration for the reference
parameters. The dotted line for the ratio one should help to guide the eye and to
demonstrate that both limiting cases apply for small and large M1.
100 104 106 108 1010 1012
107
109
1011
1013
1015
M1
T@
G
eV
D
Figure 3: The temperature Tosc (solid) and the temperature Tres (dashed) for the
reference parameters. The dotted lines represent TWe,µ,τ from the bottom right to top
left.
Ref. [30]. The mass range in which our approximations are viable is given by the condi-
tion Tosc < Tres, and from Figure 3, we see that we should choose M1 to be below about
1011GeV. We emphasise again that in the higher temperature range, the spectator fields
such as the µ-lepton, and s, d, u quarks do not equilibrate, which we do not account of
here, as we find the low mass range phenomenologically more interesting and the error
of order 10% to 20% incurred [24] is comparable with other theoretical uncertainties in
the present calculation. From Figure 3, we can also see that the approximation that we
take in separating the production of the initial asymmetry in ℓe from its washout is met
everywhere, since TW,e ≪ Tosc.
Effective washout strength.– Within the studied range for M1, we find that (B −
L)|T=TEW/∆e|T=Tosc varies between 0.2 and 0.17, cf. Figure 4, indicating that for the
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Figure 4: Fraction of the initial asymmetry that remains after washout for the reference
parameters. Result based on the approximations described in Section 2 (solid), where
the asymmetries in qNi and ∆µ,τ are neglected are compared with the results from the
equations of Appendix A (dashed), where the detailed evolution of the individual flavours
are taken into account.
i
a
e µ τ
1 0.25 2.0× 102 1.8× 103
2 0.46 2.3× 102 1.9× 103
3 0.35 1.7× 102 1.1× 103
Table 1: The washout parameters Kia for the model specified through the reference
point (15).
reference point, the |Yie| takes small values such that the washout of the ℓe is as small
as possible. We can verify this more explicitly in terms of the usual LNV washout
parameters Kia = |Yia|
2Mi/(8πH)|T=Mi. If Kia ≫ 1 for any of the Ni, the flavour
ℓa suffers exponentially large washout, whereas for Kia <∼ 1, a substantial fraction of
the asymmetry should survive. In Table 1 we list the explicit values for these washout
parameters. From this, we see that indeed, sizeable asymmetries in the flavour e can
persist down to the sphaleron freeze-out. Moreover, we see that quite the opposite is
the case for the flavours µ and τ , what justifies our assumptions for calculating the
asymmetry that are described in Section 2 [in particular assumption (iii)].
The moderately large imaginary parts of the mixing angles imply some tuning that
may be estimated as cosh(ω23)
2 cosh(ω13)
2 cosh(ω12)
2 ≈ 60, what implies that for our
example, the Yia are generically about a factor eight larger than expected from the
standard seesaw relation without a particular alignment. This amount of tuning can
also be explicitly verified by observing cancellations of individual terms that add up
to the largest of the light neutrino masses. Therefore, finding viable mixing angles for
smallMi requires parametric tweaks. However, from Figure 1 it is clear that the situation
becomes largely relaxed when allowing for larger Mi.
12
Figure 5: Washout parameters
∑
iKie,µ for a see-saw model with three sterile neutrinos
in the mass ratio 1 : 2 : 3 for M1 : M2 : M3 and the light neutrino mass m1 = 2.5meV,
over a flat random distribution for the angles and phases δ, α1, α2, ω23, ω13 and ω12 (dark
blue). The same for a model with two sterile neutrinos (light magenta, implemented here
by setting m1 = 0, ω23 = 0 and ω13 = π/2).
Note that for our example point, we choose a scenario with three sterile neutrinos,
whereas it is often useful to consider the limiting cases where one of these decouples or
is simply not present. For such scenarios, it follows that one of the light neutrinos is
massless, i.e. m1 = 0 for normal neutrino mass hierarchy. However, the present scenario
of Leptogenesis is most efficient, if the coupling of the flavour e to the sterile neutrinos
is small, to suppress washout, while the couplings Yiµ and Yiτ should be large, what
enhances the asymmetry (3). Of course, larger couplings Yie enhance the asymmetry as
well, but this effect is substantially antagonised by the washout effect. The parameter
scan presented in Figure 5 illustrates that favourable parametric configurations of the
Yukawa couplings Y can better be achieved in a scenario with three sterile neutrinos when
compared to the decoupling scenario, where an increase in the couplings Yiµ automatically
implies a larger lower bound on the couplings Yie.
Evolution of flavoured asymmetries prior to freeze out.– In the analysis pre-
sented to this end, we follow the evolution of the asymmetry within the flavour e but not
within µ, τ because it should be subdominant at the time of freeze out. The reason is that
for the parametric range that we investigate, the flavours µ, τ experience a much stronger
washout than e. Besides, we neglect helicity asymmetries, that are present within the
sterile neutrinos. At early times, when the Majorana masses are small compared to the
temperature, lepton number L is approximately conserved when attributing the charge
L = 1 to a positive-helicity sterile neutrino and L = −1 to a sterile neutrino with neg-
ative helicity. The approximate L-conservation during this regime of flavoured washout
can be explicitly verified up to the point when the temperature becomes comparable to
the mass of the sterile neutrinos and the LNV washout sets in.
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Figure 6: Evolution of various combinations of flavoured asymmetries for the reference
parameters and with M1 = 2 × 10
4GeV after the initial oscillations at z ≈ zosc: ∆e
(solid), ∆µ +∆τ (dashed), ∆gen (dot-dashed).
We therefore define the helicity-asymmetry density in the sterile neutrinos as
qNi = nNi+ − nNi− , (16)
where nNi± are the number densities with helicity ±, and we also introduce the gener-
alised baryon-minus-lepton-number density
∆gen =
∑
a=e,µ,τ
∆a +
∑
i
qNi . (17)
Note that ∆gen is conserved in the limit Mi → 0, what implies that it should remain
close to zero for symmetric initial conditions before the temperature drops below the
masses of the sterile neutrinos.
The evolution equations for the flavoured asymmetries are presented in Appendix A.
In Figure 6, we present the evolution of particular asymmetries for the reference pa-
rameters, where we choose M1 = 10
5GeV. We can indeed verify that the asymmetry
∆e is the only one that remains sizeable when M1/T ≫ 1. In turn the fact that the
generalised baryon-minus-lepton asymmetry ∆gen ≈ 0 when M1/T ≪ 1 confirms the
approximate conservation of the generalised lepton charge at early times. Note also that
since Yiµ and Yiτ are much larger than Yie, the flavoured asymmetries asymmetries ini-
tially satisfy |∆µ,τ |T=Tosc ≫ |∆e|T=Tosc , while lepton number conservation implies that
∆µ +∆τ |T=Tosc = −∆e|T=Tosc . The initial redistribution of the large asymmetries in the
µ, τ sector to the sterile neutrinos therefore explains the strong initial incline of ∆µ+∆τ .
Note that it may also be instructive to compare Figure 6 with the schematic diagram
explaining the various stages of ARS Leptogenesis presented in Ref. [16].
Note that Figure 6 also illustrates the main difference between the original ARS
Leptogenesis scenario with sterile neutrinos below the electroweak scale to the present
one with heavier neutrinos. While in the original setup, total lepton number is conserved
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above the electroweak phase transition, implying that ∆gen = 0 all the way down to
TEW, we see that for the present scenario the LNV washout processes drive ∆gen to
non-zero values around T ≈ Mi
3. As a result, there is a sizeable residual asymmetry∑
a∆a = ∆gen 6= 0 within the active leptons at T = TEW, at which point no sterile
neutrinos are present any more (such that qNi ≡ 0). This is in contrast to the original
ARS scenario, where the active asymmetry is balanced by the helicity asymmetries in
the sterile neutrinos,
∑
a∆a = −
∑
i qNi, such that ∆gen = 0.
In Figure 4, we also compare the results of the calculation of the freeze-out asym-
metries based on the approximations of Section 2, where the initial evolution of the
asymmetries in qNi and ∆µ,τ is neglected, with the results from the equations of Ap-
pendix A. We observe that in the regimes of either full equilibration of Re (small M1)
or no equilibration (large M1), the calculation based on Section 2 underestimates the
washout at the 5 − 10% level. This can be attributed to the fact that opposite asym-
metries stored in ℓµ,τ get transferred via helicity asymmetries in the Ni and then partly
cancel the asymmetry in ℓe. The helicity asymmetries are accounted for in Appendix A
but not in Section 2. Besides, the dip due to incomplete equilibration of Re extends over
a wider range when obtaining the results from Appendix A because the dynamics of the
three different Ni are resolved individually.
4 Conclusions
We have studied the ARS mechanism for sterile neutrinos above the electroweak scale,
what opens up a substantial region of parameter space for Leptogenesis based on the
type-I seesaw model. While the generation of the initial flavoured lepton asymmetries
proceeds in the same way as for the original ARS scenario with sterile neutrinos below
the electroweak scale, the calculation of the washout must include LNV processes here,
which is the main difference to the original proposal.
It is however possible to identify regions of parameter space where, while imposing the
observed parameters from active neutrino mixing and oscillations, the initial asymmetry
is large enough and yet the LNV washout small enough yield asymmetries that are of
order of the observed BAU. In particular, we find that non-degenerate sterile neutrinos
with masses substantially below 109GeV may account for the BAU, what has not been
found to be viable before and allows for new cosmologically consistent BSM scenarios.
One should note however that the reheat temperature given by Tosc is by orders of
magnitude above the mass scale of the sterile neutrinos [cf. Eq. (2)], unless assuming
a mass degeneracy. Going to lower masses and reheat temperatures appears to require
parametric tuning, either of the Yukawa couplings or the sterile neutrino masses, that
should then be taken to be close to degenerate. (In turn, the source term that we
discuss here generically adds asymmetries to scenarios of resonant Leptogenesis at low
3LNV processes are only important around these times, because for higher temperatures, sterile
neutrinos are produced and destroyed mainly in lepton-number conserving scattering-processes, while at
lower temperatures, the LNV decays and inverse decays of sterile neutrinos become Maxwell suppressed.
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temperature scales.) Another option may be to extend the particle content of the model
in such a way that the production of sterile neutrinos at the temperature Tosc becomes
more efficient. It is interesting to note that the loop correction to the Higgs mass-
square at the parameter point with the lowest viable sterile neutrino masses considered
here (M1 = 4.8 × 10
3GeV) yields
∑
i[Y Y
†]iiM
2
i /(16π
2) ≈ (4 × 10−2GeV)2, such that
the electroweak scale is not necessarily destabilised by the sterile neutrinos, a desirable
feature also emphasised in Ref. [31]. Future work on this scenario should encompass a
more systematic analysis of the viable parameter space involving three sterile neutrinos
as well as a more accurate determination of the relevant CP -violating rates.
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A Including Helicity Asymmetries of the Sterile Neu-
trinos
In this Appendix, we extend the equations describing the washout of the e-flavour (14) to
include as well µ, τ and the sterile neutrinos Ni. The resulting more detailed description
of the washout is given by
dq∆a
dz
=2
∑
i
YiaY
†
aiW¯
NR
i ϑ(Mi − T )
(
qℓa +
1
2
qH
)
(A1a)
+2
∑
i
YiaY
†
aimax(W¯
NR
i , W¯
rel)ϑ(T −Mi)
(
qℓa − qNi +
1
2
qH
)
,
dqNi
dz
=2W¯ rel
∑
a
YiaY
†
aiϑ(T −Mi)
(
qℓa − qNi +
1
2
qH
)
− 2
∑
a
YiaY
†
aiΓ¯
NR
i ϑ(Mi − T )qNi ,
(A1b)
dqRe
dz
=− 2γfl
aR
Tref
h2e
(
qRe − qℓe +
1
2
qH
)
, (A1c)
where Γ¯NRi = aRzMi/(16πT
2
ref) is the decay rate of the sterile neutrinos [note the explicit
factor of 2 in Eq. (A1b) that accounts for the SU(2)-multiplicity]. The helicity asymmetry
in the sterile neutrinos qNi is defined in Eq. (16).
The relations between the asymmetries that appear on the left-hand sides of Eqs. (A1)
to those on the right-hand sides are derived following the usual treatment of spectator
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fields [23] and are given by
qℓa =
1
2886

 −1221 156 156 −1245111 −910 52 177
111 52 −910 177




∆e
∆µ
∆τ
qRe

 , (A2a)
qH =
1
481
(−37∆e − 52∆µ − 52∆τ + 45qRe) . (A2b)
In Eqs. (A1), flavoured and LNV washout rates are patched together at the point
Mi = T . We can justify this by the fact that for smaller temperatures, the flavoured
washout rates that are based on the production rates of relativistic neutrinos derived
in Refs. [20, 21] should not be applicable, but are subdominant compared to the LNV
rates, that rise steeply when T falls below Mi, cf. also the Figures that illustrate the
sterile neutrino production rate as a function of temperature in Refs. [20, 21]. The steep
incline of the relaxation rate of the sterile neutrinos once these become non-relativistic
is also clearly reflected within Figure 6.
To increase the accuracy of the calculation, it would be desirable to use results for the
production and relaxation of sterile neutrinos that are also valid between the relativistic
and non-relativistic limits. Methods for calculating the production rate in this most
general regime, where soft and collinear divergences lead to a substantial comlication of
the situation, have been developed in Refs. [32, 33]. However, the numerical procedures
are yet numerically challenging, such that a routine evaluation that could be used for the
present purposes is not available yet. Moreover, neither of the Refs. [32, 33] distinguishes
between LNV and lepton number conserving processes to this end. Including this is an
important goal for extending these works in the future.
We also emphasise in this context, that the results for the sterile neutrino production
are for simplicity typically reported for the total number density to date [20, 21, 32, 33].
Resolving the single momentum modes in the Boltzmann equations (cf. Ref. [34]) should
improve the accuracy of calculations in ARS scenarios by order one, but these also
increase the numerical efforts substantially.
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